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One of the more unconventional methods to’provide high strength,’/, cC 

I n  such composites ’99, 
l i g h t  weight materials f o r  application over a wide range of temperature>$;? “/- 

C@ i s  the u t i l i za t ion  of composites containing f ibers .  
a combination of metals o r  ceramics i s  incorporated i n  such a manner 
that  the desirable properties o f  each of the constituents is  ut i l ized.  
Two types of metall ic f ibers  are available; high strength wire, and 
whiskers. 
proaching the  theoret ical  strength of metals. If a major portion or 
a l l  of this strength can be u t i l i zed  i n  an engineering material a supe-’ 
r i o r  product could be obtained. By their  very nature, however, whiskers 
a re  d i f f i c u l t  t o  produce, handle, and fabricate.  Because of t h i s  d i f f i -  
cu l ty  much must be learned about how t o  handle such f ine fibers before 
they can be used successfully and it has been expedient t o  conduct pre- 
liminary experiments using wire. These polycrystall ine materials have 
been available for  many years, a d  more recently, ceramics have a l s o  been 
produced i n  filament form. Since metallic filaments exhibit unusually 
htgh t ens i l e  properties and can 5e drawn t o  l m i l  diameter or  less they 
may be used as subst i tutes  fo r  vlliskers t o  study the mechanisms by which 
bonding may be accomplished. Furthermore, such ef fec ts  as f ibe r  orien- 
ta t ion ,  length, and s t a b i l i t y  can be studied using f inely drawn wires. 
Ultimately the  background obtained may be u t i l i zed  i n  the fabrication of 
composites containing whiskers. Meanwhile, the high strength m e t a l  o r  
ceramic filaments which are now available may be used for a great  many 
composites. 

Whiskers have been reported t o  have t ens i l e  strengths ap- 

Although considerable work has been done on the reinforcement of 
p l a s t i c s  by the u t i l i za t ion  of high strength glass filaments, r h t i v e l y  
l i t t l e  has been published on t h e  reinforcement of metals with stronger 
metal f ibers .  
p l e t e ly  ignored. For example: 
the reinforcemen 
inforcing media. 12y 
ducting work i n  t h i s  f ie ld ,  although the  only known published data on 

T h i s  i s  not t o  say t h a t  such composites have been com- 
axrl I t a l i a n  patent issued i n  1948 covers 

f aluminum ai--& b i - c x e  u t i l i z ing  s t e e l  wool as the  re- 
Many orga?Az:Ezions a r e  interested or ac tua l ly  con- 

strengths of reinforced metals containing m e t a l  f ibers  i s  that of the 

State , (5)  and A l f r e d  University,(C) t o  name a few,  have done work on the / L ---- reinforcement of ceramics using metallic filaments. 
r i ze s  some of the work conducted a t  t he  Clevite Research Center and work ---- 
now i n  progress a t  the Lewis Research Center of the NASA. 

IT @--L 
Clevite Corporation. ( 3 )  Others a t  Amour Research Foundation, (4)  Ohio L _ _ _ _ _  / 

This paper summa- 

? -- 
Fi r s t ,  t he  work conducted at  Clev5te under N a v y  sponsorship will be 

The r e su l t s  obtained from these studies show same of the s ig-  

--- 

examined. 
n i f ican t  increases i n  strength obtained by reinforcing titanium and a ti- 

J 
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W ~ S  f e l t  t ha t  a m a x ~  - um density of 0.26 pounds per cubic inch was desired. 
T h i s  density was selected so t h a t  the product would be l i gh t  weight and 
predominately titanium. To keep t h e  overtlll density within the desired 
limits it was not possible t o  u t i l i ze  more than 50 volume percent molybde- 
num f iber .  

Molybdenum wire was chosen 8 s  the reinforcement because of i t s  high 
strength,  ava i lab i l i ty ,  and because mly3denum forms a continuous ser ies  
of so l id  solutions with titanium. In  other words no formation of b r i t t l e  
intermetal l ic  compounds would be possible a t  the f i b e r  matrix interface.  

Specimens w e r e  prepared using powder metallurgical techniques. Ti -  
tanium al loy powder of -100 mesh was made by hydriding Ti-6A1-4V a l loy  
sheet which was subsequently crushed and b a l l  m i l l e d .  The powder obtained 
from b a l l  mill ing w a s  then vacuum outgassed t o  remove the  hydrogen and dry 
blended with 10 m i l  molybdenum wire which had been cut  t o  lengths of l l l 0  
t o  1/4 inch. The blend was cold pressed in to  b i l l e t s ,  and vacuum sintered 
f o r  one hour at 1800° F t o  remove the remaining hydrogen and t o  pa r t i a l ly  

density the b i l l e t .  The 1- inch diameter b i l l e t s  were canned i n  mild 
s t e e l  and extruded t o  5/8 inch rod (extrusion r a t i o  = 6 : l )  a t  2100' F. 
These rods were hot rol led i n  grooved rod rolls with i n i t i a l  ro l l i ng  done 
a t  1800' F and, as ro l l ing  progressed, the temperature was reduced until  
a t  3/16 inch diameter the ro l l ing  teEperature w a s  1450' F. 
jacket w a s  removed and the rod was given a final cold pass t o  improve the 
surface and reduce the rod t o  1/8 inch diameter. 
for  2 hours at  1350' F. Control specimens of unreinforced alloy w e r e  run 
a t  the  same time using t h e  same base materials and methods. 

1 
2 

The steel . 

The rods were annealed 

Figure 1 shows what happened t o  the wire during the working opera- 
t ions .  Originally, the filaments were randomly oriented within the b i l -  
l e t .  
of the  rod, began t o  or ient  themselves pa ra l l e l  t o  the direct ion of work- 
ing. 

During extrusion, the wires, par t icular ly  those a t  the  outer surface 

Rolling increased t h i s  preferred or ientat ion and the resul t ing rod 
consisted of wires oriented para l le l  t o  each other and pa ra l l e l  t o  the 
long axis of the-rod. 
ments were reduced i n  diameter fromthe o r i g i n a l 1 0  m i l s  t o  2 mils with a 
corresponding increase i n  length. The filament length could not be meas- 
ured because the wires dipped beneath the surface of the  metallographic 
plGne. Most of the  wires were estimated t o  be one t h i r d  t o  one half  the 
length of the specimen although a few may have extended completely through 
the  speciner,. The individual wires retained t h e i r  ident i ty  and a s l i g h t  
dif?usion zone could be seen at  the w i r e  matrix interface.  

. .' 

, . 
In addition t o  the  change i n  orientation, t he  f i l a -  

* >  

The results of t ens i l e  tests conducted on composites composed of the  ' 

T i  a l loy  reinforced with 20 volume percent molybdenum f ibe r  are  shown i n  
Fi,o;ure 2.  These tests were conducted a t  room temperature, 1000°, 120@, 
and 1400' F. The improvement i n  strength of the composites over t h a t  o f .  
the a l loy  rod produced from tine same powder i s  evident. 
ture the improvement was approximately 30,000 ps i  and an advantage was 
maintained at  elevated temperature as shown i n  figure 2 .  

- - ~ 

A t  roan tempera-> %, 

Figure 3 shows t h e  same data plotted as the t ens i l e  strength - den- 
s i t y  r a t i o  versus temperature. While a t  room temperature the  unreinforced 



alloy a26 2 higher tensiie-strezsx to density ratio than the composite, 
the advaA2c.e -.,ES lost as the te3peratm-e increased. 
show that the advantage persisxed to 300' I the actual cross-over point 
is open to so-e question because 05 the lack of data at the temperatures 
between roan temperature and iOOOo F. 

Although the curves 

Improvements in other properties of t'ne titanium alloy were also 
noted when reinforcing fi3er i ? Z S  used. 
series of tests in which the n o 5 d ~ ~  of elasticity - a s  measured at vari- 
ous temperatures using dynaziic methods. 
fact that beyond 600' F t'ne modulus of the titanium alloy dropped off 
quite rapidly while at temperatures up to 1400° F the composites exhib- 
ited no such drop off. It should also be pointed out that the modulus of 
elasticity increased with increasing fiber content. These results demon- 
strate that by simply varying the mount of fiber it was possible to pro- 
duce a "tailor made" composite having any desired modulus of elasticity, 
i.e., between 16X106 psi and 5OX1O6 psi. 

Figure 4 shows the results of a 

Of parzicular interest is the 

I 

. For materials of this type it is also necessary to h o w  the stress 
rupture proFerties as well as the short time tensile strength. 
posite composed of the titaniuo:.alloy reinforced with 20 volume percent 
wire was tested at 1200' F for stress rupture life. 
tests did not show the degree of success observed in the tensile tests, 
however, there was reason to believe that the poor stress rupture life 
was due to oxidation of the surface filaments. 

The com- 

The results of these 

A group of specimens conpose15 of unalloyed titanium reinforced with 
molybdenum wire was also tested ?or stress rupture life at a lower tem- 
perature where the molybdenum fibers would not oxidize and sublime. The 
composites used for these tests yere produced in exactly the same manner 
as previously described except that unalloyed titanium was used as the 
matrix. Fi,gure 5 shows the results of these tests. At 800' F unalloyed 
titanium had a 100 hour rupture Life at 20,000 psi. The incorporation of 
10 volume percent reinforcement increased the life 10 fold to 1000 hours. 
At 1000° F and under the same stress unreinforced material had a life of 
0.1 hour while the composite had a life of 100 hours. Thus, the addition 
of reinforcing filaments had a marked effect on the stress rupture 
properties. 

Some of the results and conclusions that may be obtained from an. 
analysis of the data obtained on reinforced titanium composites may be 
summarized as follows. First, it was definitely shown that the tensile 
strength of a titanium alloy was significantly improved by the addition 
of molybdenum fibers and these improvements were noted over a wide range 
of temperatures. It was also found that the strength to density ratio of 
the titanium alloy could be imgroved significantly, particularly at ele- 
vated temperatures by reinforcing with molybdenum fibers. Second, it was 
shown that the modulus of elasticity of the titanium alloy - molybdenum 
composite was increased proportionately as the quantity of moly3denum in- 
creased up to 40 volume percent fiber. 
forced with molybdenum fibers, was greatly improved from a stress rupture 
standpoint at test temperatures below the temperature at which molybdenum 
oxidizes. 

Third, unalloyed titanium, rein- 



a z t s r i z l  zr-d tu-lgsten as tine f i j e r .  
of t he i r  m t u e l  insolubi l i ty .  
it wets t w p t e n .  
above zhe Xel3.ag point of copPer, the roon tenperature properties o f  the 
tungsten f i k r  were not seriously efI'ected. 

T'nese r a t e r i a i s  were chosen because 
4 h 0 ,  copper was used because, when molten, 

Puthermore, a 3 e r  eqosu re  t o  tenperatures s l igh t ly  

Fi,.;ure 3 i l l u s t r a ~ e s  the steps involved i n  producing the tungsten re- 
infbrced copper 3undles. 
sodium peroxide and ammonium ny&-oxide and loaded in to  an alundun tube. 
This tube was then placed i n  a closed end quartz tube having a slug of 
copper i n l i l t r a n t  i n  the bottom. 
and held for one hour a t  temperature. 
tween the wires of the t i gh t ly  pzcked bundles served as capillary tubes 
through which the molten copper could flow. 
a vacuum during in f i l t r a t ion  t o  prevent oxidation of the tungsten and 
thereby provided a clean wire surface. 
found tha t  any surface film on the wire great ly  reduced the chances-of 
producing a successful i n f i l t r a t lon .  

Cut lerrgths of tungsten wire vere cleaned with 

The en t i r e  assembly w a s  heated t o  2200°F 
During in f i l t r a t ion ,  the spaces be- 

Tne specimens were kept under 

This w a s  essent ia l  since it was 

* Some variation i n  t h i s  procedure was found t o  be necessary when 
specimens of low f iber  content were made. 
between w i r e s ,  capi l lary r i s e  could not take place and it became necessary 
t o  "top feed" the specimens by placing the i n f i l t r a t i n g  material i n  the 
tube above the wires and a l l o w i n g  gravity flow t o  take place. 
mens ranged from 40 m i l s  t o  1/8 inch i n  diameter'and from three t o  s i x  
inches i n  length. 

Because of the larger  openings 

The speci 

Figure 9 shows a cross section of a t e s t  specimen and i l l u s t r a t e s  the  
The standard procedure for  de- packing of the wires within the conposite. 

termining the re la t ive  amount of  copper and tungsteo w a s  t o  section the 
specimen a f t e r  tes t ing  and measure the cross-sectional area of the specimen 
by p lanheter ing  a photo of t r e  z o s s  section. 
basis  for  t ens i l e  strength cal.:-~le;lons. 
w e r e  then counted t o  determine :ne vG;aTe percent copper and tungsten. 

T h i s  area was used as the 
The wires i n  the cross section 

Specimens of copper-tungs:e- f ibs? composites such as those described 
were t e z s i l e  tes ted a t  room t eqe re tu re .  
tained to chte that shows the strengt'n of composites ranging i n  f i b e r  con- 
ter,t from 14 t o  77 volume percent. 
strength-composition diagram w a s  developed. 
conposition curve (represented by the so l id  l i n e )  obtained by ref ining the 
calculations used t o  p lo t  the curve i n  figure 6 .  
divided in to  two sections. The f irst  portion of the  curve represents a 
composition range i n  which copper vould be the major load carrying con- 
s t i t uen t .  
about 5.3 volume percent f i be r .  I:: cDlr.,osites containing less than 5 . 3  

of the composite. 
load, the f ibers  would f r a c t u e  A?:i Ae copper w a s  elongated, as l i t t l e  
as 1.5 percent which was the eio-gation of the tungsten f ibers  a t  t h e i r  
f racture  s t ress .  
viously carried by the f ibers  would be transmitted t o  the copper. 
per would then elongate u n t i l  the ultimate strength of the copper would be 
reached. 

Experimental data has been ob- 

A s  a base l i n e  for  comparison a revised 
Figure 10 shows t h i s  strength- 

This revised curve may be 

This range can be calxils-,el! (see apTendix) t o  extend from 0 t o  

percent, fa i lure  of tungsten 1"1,-:-. -,.LLL ~- not immediately result i n  failure 
In  fac t ,  s l i z e  L-pjer would be carrying the bulk of the  

Immediately a f t e r  the f ibers  fracture,  the load pre- 
The cop- 

The elongation at  t h i s  point could be as much as 40 percent. 



n- ine tis2roezh used et  %lie - 2::: - d.-. .--L .-,e -.- 7 r Center 'rzs been t o  study the , .  . . : ~ c > e ~ i ~ ~ ~  by x x c n  i"i2ers s;rezL-.,-=,- v_.L__ ccz20cites. Tine speci'ic ob jeczives 
of t h e  reseerch program :eye te C-ter::.inl -...%ether i n  c o q o s i t e s  of zutu- 
slly inso;ujle x e t a l l i c  m a t e r i s k ,  :;'tiers could 5e conbined i n  a l l  pro;?or- 
Zions ~ 5 t h  the  x t r i x  and wiiet5er EL:?* constituent xould carry i t s  propor- 
t i o n s l  load. 

with 50th the  calculated strengt:: 
with continuods reinforcing f iber-  . 

The secozd objec%i-,:e xx T O  u-,ilize shor t  l e x t h ,  ax ia l ly  
0 0 . oriented fibers, and t o  d e t e r x i r  _r: -Lakc PC' of such 'coxposites compared 
Y 
4 

z.1 strengtki of c o q o s i t e s  r i d e  

To furnish a basis for XI?. -. ,-c- I, was f e l t  that the problem 
.,-2 ,trer-gths of  composites containing should be approached by calc-Lz.tl ~ 

varying proportions of f ibe r  3x5 -:.-.;rk. Eqerimental  values could then 
be compared t o  the  calculated vzlues. 

A s  a f i r s t  approximation, it #;zs assumed t h a t  each constituent i n  a 
two component composite would c e r r y  8 load groportional t o  the  t ens i l e '  
strength of the constituent an2 -,:?e -rolzTe o f  the  constituent present; 
then the  t e n s i l e  strexgth of ---- v i ~ ~  cs.x>esi:e * , T O G ~ ~  be equal t o  t he  t e n s i l e  
strength of t h e  f iber  n u l t i p l l e L  ,2;- ;:-e vo2ae  percent of the fibers plus 
the  t e n s i l e  strm:zh of zhe n a t r l x  tLzes xke volume percent of the  matrix. 
Figure-6 shows a strerlgth co~poslzicr ,  diagran for such a system based on 
these assumptions. 
t h e  strength of any composite of e given composition. 
composition, one might t e s t  speclrr.ens over a rang6 of temperatures. 
culations of strength of t h e  speclf ic  composite could be made i f  the  
s t rengths  of t h e  individual constituents a t  t h e  d i f f e ren t  temperatures are 
known. 

The l i n e  drewx -jetween the  two constituents will give 

C a l -  
For any spec i f ic  

Replotting some of t he  k t a  obtalned ?or the  titanium a l loy  reinforced 
with molybdenm i J i l l  show, t o  soae Ze,ree, r - 3 ~ ~  known metallurgical varia- 
b les  c 2 n  eccount ;'or differences k; JL?T x r i  swer inen ta l  data and the  cal-  
culated s t rength.  Since the  eqe - - i zexs  -..-ere designed t o  obtain high 
s t rength composites r a the r  then t o  st-&y failure mechanisms, only portions 
of t h e  data m y  be u t i l i z e d  t o  ~ a k e  :I- eomparlson. 
t he  results obtained f o r  the  compc;lte containing 20 volume percent f i b e r  
were used. 
temperature and the  curve showing tne experimental results. 

For t h i s  comparison 

Fi,.;u;re 7 shows a ca l cuh ted  curve of t e n s i l e  strength versus 

Notice t h a t  t h e  experiment& data i s  w e l l  above t h e  calculated data. 
The calculations were made u t i l i z -  I n  f a c t  it i s  10 t o  15,000 p s i  higher. 

ing  the  strength of t he  or ig ina l  rriolybdenum f ibe r s  which were 10  m i l s  i n  
diameter. The 
rezson for  the  &ifTerence between the emerimentally determined curve rela- 
t i v e  t o  the  calculated curve mey be twofold. 
molybdenm i n  the  com2osite are nutaelly soluble i n  each other and there  
may have been some solution strengthening e f f ec t s  due t o  alloying. 
and p e r h a p  of nore sigcificance, the t e n s i l e  strength of the molybdenum 
f ibe r s  was probably higher after the product w a s  extruded and ro l led .  
tine dia7ieter of tne molybdenm wires was reduced from 10  t o  2 m i l s ,  an in- 
crease i n  t h e i r  t e n s i l e  strength may have been real ized.  

T5e strength of the alloy w a s  -known from experimental data. 

F i r s t ,  t h e  titanium and the  

Second, 

Since 

1 
i , 
I 
I 
i 
I 

Ir, the  f L r s t  s tudies  at IXASA, bmdles of fibers cut  t o  the  length of 
i -- -.-e s_oeclnens t o  be tes ted  were used. Copper was selected as the  matrix 



I 
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I n  the cornposition rar~ges z3ove 5.3 volume percent, the tungsten f i -  
bers xould Secome the predminant load car r ie rs .  
- -  T-:-Ders  - v ; ~ ~ i c i  r e su l t  i n  elmost fxmi ia te  f e i l a r e  of  the composite. 
may be reasor~ed as follows: 
t-u-gsten fibers would c a r r j  tL2 ~ L K  ol' ;,ke LOGS. 
o r  ~ o r e  fl-aers,, the load woulC, 
of the conposite. This e f fec t< ,  
remaining f ibers  and the rexaL:., 
tur ing of the remaining f ibers  auld j e  eqec ted .  The s t r a i n  
of the cornsosite a t  maxim.m stre:: ::-eacrled during tes t ing  the composite, 
would be essent ia l ly  the same z.s t t a t  of the tungsten f ibers .  
previously mentioned tha t  the txngsten f i j e r s  have very low elongations 
a t  fracture,  approximately 1.5 2ercent; whereas pure annealed copper has 
an elongation of about 35 percent a t  i t s  ultimate t ens i l e  strength. If 
the  copper i n  a composite were elongated t o  orJy 1.5 perceat, it would be 
s t ressed well below i t s  ultimate t e m i l e  strength. From a s t ress -s tza in  
diagraz for  copper, a s t ress  of 'SOG0 p s i  may be observed t o  occur a t  1.5 
2ercerit elongation. 
vould then be a s t re ight  l i n e  having 2 strength intercept a t  100 percent 
tungsten equal to the strength of the f ibe r  and an extrapolated intercept,  
a t  100 percent copper, equal t o  COO0 ?si. 

Failure of  some of the 
This 

P.E E load i s  qq:ie?. t o  the composite, the 
?&on fracture  of one 

::,mmxed by the remaining area 

%sent ia l ly  immediate frac- 

- -  

It was 

The portion 05 the curve about 5.3 percent f ibers ,  

A t  extremely high tungsten f iber  contents(perhaps a t  greater  than 90 
. voime percent) there i s  a possibi l i ty  t'mt the slope of experimentally 

determined strength composition curves might increase cue t o  triaxial 
strengthening of the th in  copper films. 
contents the in te r f iber  spacing would be very s m a l l  and the t h i n  copper 
films between the f ibers  may be retarded from slipping. 
s l i p  might r e su l t  i n  an increase in  the strength of t he  composite somewhat 
above the calculated values. 

A t  these extremely high f i b e r  

This blocking of 

Figure 10 a l so  shows the resu l t s  of t ens i l e  t e s t s  conducted a t  room 
temperature on tungsten-copper composites of various compositions. T e s t s  
were conducted on bundles contaixing continuous wires of t'nree, f ive,  and 
seven mil diameter and, although the t e s t  se r ies  i s  not complete, the  com- 
posi tes  containing the f ine r  wires were, generally, stronger than the  com- 
posi tes  containing the larger  wires .  This m s  expected due t o  the f ac t  
t h a t  the f ine r  wires had a higher i n i t i a l  t ens i l e  strength. O f  greater  
i n t e re s t ,  however, i s  the fac t  that  tne strength of the  experimental com- 
posi tes ,  i n  the rznge of 14 t o  77 vol;une percent-fiber, fal ls  along the 
s t r a igh t  l i n e  previously calculated. 
range of compositions studied, the strength of the  composite i s  d i r ec t ly  

These data show tha t ,  within the 

. proportional t o  the amount of reinforceaent present. 

Future work on composite bundies of t h i s  type w i l l  be concerned with 
the variations which may be inparted t o  t h i s  curve due t o  closely packed 
fibers of different  s i z e s  i n  high f ibe r  compositions, alloying between 
the f ibe r  arqd matrix, and the effects  on the strength of the composites 
when the  fil2lients a r e . e l ec t ro  polished t o  remove surface imperfections. 

Figure 11 shows an interesting s ide l i gh t  resul t ing from research on 
It was found t h a t  a composite body could be bent quite these composites. 

severely without fracture while a massive piece of tungsten of the same 
s i ze  shattered when it w a s  bent asproximately 30° on a two inch radius.  



7 
m e  second ser ies  of studies at  ;he IIASA wits conducted t o  invest i -  

gate t he  effects  of f i be r  length on the t ens i l e  strength of composites. 
D ~ S C G Z ~ ~ T ; G I L S  f iber  coEposites were =de by pac.kizg cut lecgths of 5 n i l  
tungsten wire i n  an alundum tube. 
t o  5/& inches althougn the m a j o r i t y  were about 3/8 inches long. Because 
the E.a.meter of the tube was smell i n  cox2arison t o  the f iber  length, the 
f ibers  packed i n  such a manner t k t  z2eir  long axis was oriented pa ra l l e l  

The wires ranged i n  length from 1/8 

- 
0 
0 t o  the  long axis of the speciaen. Lo 
w 

The wires were then inf i l tz--v:C . L A  cosper using top feeding i n  a 
manner conparable t o  that descri-&i ;'or the  bundles containing n;lll 

length f ibers .  
inches and obviously since the f ibers  w e r e  considerably shorter than the 
t es t  section, the tests ref lected the  t rue  e f f ec t  of short f ibers  i n  a 
composite. 

The minimum t e s t  section length of the specimens was 1- 1 
2 

The results of a limited series of t ens i l e  t e s t s  conducted on these 

The data points shown on t h i s  

However, since a l l  o f t h e  f ibe r  con- 

specimens a r e  shown i n  figure 12. 
volume percent wire have not been tested. 
curve represent the work done t o  date and it i s  possible ' that  future data 
may modiQ some of this analyses. 
t e n t s  t e s t ed  i n  this ser ies  a re ' re la t ive ly  low, the  mechanisms that w i l l  
be discussed w i l l  apply t o  a l l  of the specimens.of t h i s  type. 
again contaim the straight lix drawn between the *fitinate tensile 
s t rength 'of  the tungsten f ibers  and the strength previously u t i l i zed  fo r  
the copper matrix. Note that  most o f  the  data points fa l l  very close t o  
t h i s  s t r a igh t  l i ne .  
bers f e l l  a lnost  exactly on the same s t ra ight  l ine .  
of t h e  discontinuous f i b e r  composites a re  almost ident ica l  t o  the  strength 
of the  specimens with the flrll length fibers. Actually the fac t  t ha t  the 
strengths obtained i n  the short l e n g t h  sgecimens f e l l  upon the calculated 
curve corroborates metallographic evidence that the f ibers  and matrix 
f a i l ed  i n  tension. 

Specimens containing greater than 40 

The figure 

It may be recalled that the data f o r  f u l l  length f i -  
Thus the strengths 

I n  order t o  explain the mechanism by which the discontinuous speci- 
mens achieved t h e i r  strengths, a simplified model ( f ig .  13) of such a 
composite should be considered. Fibers i n  t h i s  type of composite were 
a l ined  pa ra l l e l  t o  each other and para l le l  t o  the  long a x i s  of the  rod. 
Also, one may presume that t h e  fibers overlapped each other by varying 
amounts and that they were individually bonded t o  the  matrix. 
the overlzp2ing of these f ibers ,  the s t r e s s  was believed t o  be t ransferred 
from one f i b e r  t o  the next by a shear mechanism. 
strength of the copper t o  tungsten bond w a s  not known. However, the sur- 
face area of the f ine  filaments i s  very high and, therefore, it i s  possi- 
b l e  t o  t r a n s m i t  a considerable load from the matrix t o  the f ibe r  or  vice 
versa before the bond fails i n  shear. 

Because of 

The actual  shear 

The equations below show the procedure used t o  calculate a minimum 
bond length t h a t  would transmit a load t o  the f ibe r  equal t o  the t ens i l e  
strength of the f iber .  
t e n s i l e  load. 

To do th i s ,  the shear load was equated t o  the  

Shear Load= Tensile Load 
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I n  equation (1) the shear area of the specimen 
shear strength of the matrix os - was equated t o  the cross-sectional area 
of the f ibe r  AT times the  tens i le  strength of the  f iber  ST. In  equa- 
t i o n  ( 2 )  the  circumference of the wire w a s  multiplied by the  lengtc  of the 
shear bond L 
area of the  f iber  times the  tens i le  strength of the f iber .  
f i e d  t o  equation (3)  which expresses the length o f t h e  required bond as 
1/2 the radius 
the  shear strength of the  matrix. 
known t o  be of the order of 330,000 pounds per square inch. 
strength of the copper, however, w a s  obtained on’the basis  of several  as- 
sumptions. The published shear strength of copper w a s  found t o  be approx- 
mately 20,000 pounds per square inch. 
t he  elongation of the composite was limited by the elongation of the  tung- 
s ten.  
of copper i n  the continuous comTosites, a conservative value was selected 
fo r  the shear strength of copper. 
of copper was 5000 pounds per square inch. 
t i o n  (5) shows t h a t . t h e  bond length required fo r  t ens i l e  f a i lu re  t o  be 
equal t o  or  greater  than 33 times the  radius. 
w i t h  the discontinuous f ibers  involved f ibe r s  5 m i l s  i n  diameter, the mini- 
mum length of copper tungsten bond necessary t o  cause a f i b e r  t o  fa i l  i n  
t e n s i l e  was thus found t o  be 0.082 inch. This was.considerably l e s s  than 
the  length of f ibers  (approximately 3/8 inches) used fo r  these types of 
specimens. Since the lengths used were more than adequate t o  obtain suf- 
f i c i e n t  bonding the  specimens fa i led  i n  tension. 
data for  composites made with short length f ibe r s  coincided with t h a t  ob- 
ta ined fo r  continuous f ibers .  
specimens, par t icu lar ly  the  longitudinal sections of the specimens, re- 
vealed that the tungsten f ibers  necked down within the specimens and broke 
a t  d i f fe ren t  elevations re la t ive  t o  the f rac ture  surface. 
t he  conclusions that had been drawn based on the  analyses of the  data and 
the  calculations j u s t  made. 

As multiplied by the 

and the shear s t ress  and equated t o  the cross-sectional 
This simpli- 

r times the r a t io  of the  t e n s i l e  strength of the f ibe r  t o  
The t e n s i l e  strength of the fiber w a s  

The shear 

However, as mentioned previously 

Therefore, using an analogy similar t o  that used fo r  the strength 

The value chosen fo r  the shear strength 
If t h i s  i s  the case then equa- 

Since most of the work done 

The t ens i l e  strength 

Metallographic examinations of t he  fractured 

This supports 

Implications of the resu l t s  obtained from the  discontinuous specimens 
are of considerable significance. F i r s t  of a l l ,  one might produce compo- 
si tes u t i l i z ing  short  length fibers,  more readi ly ,  i n  many cases, than 
composites containing long length f ibers .  I n  other words, the production 
of short  length f ibe r  composites i s  easier and faster and the process it- 
self seems t o  have more commercial potent ia l .  Secondly, f i b e r  composites 
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of verying properties may be prodwed by the sixqle expedient of varying 
the f iber  co:;tent of the composite. 
;lade of short length f ibers  and essent ia l ly  have a s t r e w n  equivalent t o  
c o q o s i t e s  made from long fibers,  it i s  conceivable t ha t  high strength 
composites can be made u t i l i z ing  t h e  same techniques, but using whiskers 
as the f ibers .  This l a t t e r  conclusion has obviously the most far reach- 
ing significance for one may ultLm.;ely 5.2 zble t o  tap  the unusually high 
strength that whiskers are know. zc :-2vz 2er t icu lar ly  i f  the properties 
of the whiskers are not destroye-i. c:i ; .e  rjrocess of fabrication of the 
composite. 

Tiirdly,  since cozposites may be 

. 

Briefly,  then, the results 0: the icvestigations can be summarized 
as follows: 
both powder nietallurgy methods and l iqu id  phase sintering. 
it has been shorn t h a t  composites having higher room temperature and ele- 
veted temperature t ens i l e  strength than the'matrix material can be made 
using reinforcing fibers.  Reinforcing f ibers  a l so  had a marked ef fec t  on 
the stress-rupture l i f e  of the matrix. The s tudies  of f racture  mechanisms 
have shown that i n  both continuo7& acd discor;tinuous f iber  composites con- 
sisti-ng of mutually insoluble xreterizls, the t ens i l e  strength was d i rec t ly  
proportional t o  the amount of reinforcement present fo r  a w i d e  range of 
f iber t o  matrix compositions. 
ber  composites can be produced which have t ens i l e  strengths equal t o  the 
t e n s i l e  strengths observed i n  continuous composites. 
gained, then, may eventually lead t o  the prac t ica l  u t i l i za t ion  of some of 
the  phenaminal strengths observed i n  whiskers. 

It was possible t o  produce f ibe r  reinforced composites by 
Furthermore, 

O f  even more importance, discontinuous f i -  

The experience 
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As xerztioned i n  the t ex t ,  tke  s t rength-coqosi t ion curve fo r  these 
tungsten-copper composites may 5e divided in to  two areas:  
tw-gsten goverx tne fa i lure  mechanism acd carr ies  the bulk of the  load, 
and the area where copper i s  the predominant load car r ie r .  

The area where 

I n  the con2osition range where tuqgsten is the major lozd car r ie r ,  
the  load carr ied by the composite m y  be determined fo r  any value. of 
by equation (1). 

A, 

where 

P = t o t a l  load on the cmposi te  (2omds) 

I 

= t ens i l e  strength of tungsten (330,000 p s i )  

= percent of cross-sectional area of  composite occupied by tungsten 

uW 

A, 

(5 = t e n s i l e  stress on copper a t  maximum elongation of the copper 
C U l  

(8000 p s i )  

ACu = percent of cross-sectional area of composite occupied by 

co2per = 100 - A, (since ACU + A, = 100 percent) 

The maximum load carried by the composite, where copper is  the pre- 
dominant load car r ie r ,  a f t e r  the fracture of any wires present, i s  deter-  
mined by equation ( 2 ) .  

where 

= the ultimate t ens i l e  strength of copper (26,500 p s i )  

The canposition a t  which the predominant load carrying consti tuent 
changes from the copper matrix t o  t i e  tungsten f ibe r s  may be calculated 
by equating (1) t o  ( 2 )  and solving for A,. A value of 5.3 vol&ne per- 
cent f iber  w a s  obtained f o r  

CU2 
0 

A,. 
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Figure 13. - Schematic loading diagram for an idealized situation. 
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